INTRODUCTION
Geolocators are small electronic loggers that record light levels, thereby allowing biologists to estimate animal positions (Wilson et al. 1992 , Hill 1994 , Weimerskirch & Wilson 2000 , Phillips et al. 2004 . Geolocators have provided data on the nonbreeding spatial distribution and migratory patterns of seabirds (Gaston et al. 2011 , Hedd et al. 2011 , Pinet et al. 2011 ) that were difficult to study without ABSTRACT: Geolocators provide information on the year-round movements of birds. The effect of the year-round deployment of such devices has, however, largely been examined via measures that are relatively insensitive to small changes in nutritional condition, such as return body mass, return rate and reproductive success. To address this issue, we equipped 34 common murres Uria aalge and 35 thick-billed murres U. lomvia at 6 colonies in the eastern Canadian Arctic and subArctic with geolocators for 1 yr and measured baseline corticosterone levels (4 colonies) and body mass (6 colonies) upon device retrieval. Across all colonies, birds equipped with geolocators averaged higher levels of corticosterone and lower body mass than controls, although there were substantial differences among colonies. De spite effects of the devices on corticosterone and body mass, survival (90%) in equipped birds was no different than in control birds at the one colony where long-term resighting data were available, and chick feeding rates were also similar between equipped and unequipped birds. We suggest that even very small devices can cause chronic stress when applied over long periods, at least for a diving bird with a very high wing loading, but effects on birds in the present study were not sufficiently pronounced to influence adult survival or chick provisioning rates. this technology. A major benefit of geolocators is their small size, which reduces the influence of the device on behaviour (Wilson 2001 , Phillips et al. 2003 , Ropert-Coudert & Wilson 2005 . Geolocators have therefore been deployed on small birds, including species for which implantation of satellite transmitters has been unsuccessful (Hatch et al. 2000 , Stutchbury et al. 2009 , Gaston et al. 2011 .
Glucocorticoid hormones such as corticosterone, the main glucocorticoid in birds, are involved in the regulation of energy intake, storage and mobilization (Landys et al. 2006) . During acute stress (for example, when chased by a predator), corticosterone levels increase and the birds enter an emergency life history stage. During this stage, the birds usually respond to higher corticosterone levels by mobilizing energy stores, increasing locomotory activity and inhibiting reproduction (Romero & Wikelski 2010 , Landys et al. 2006 . In contrast, during chronic stress (for example, nutritional or social stress over days or weeks), corticosterone levels also increase, but to a much lesser degree, impairing cognition, immune status and survival while promoting behaviours that increase selfmaintenance (self-feeding) over reproduction (Brown et al. 2005 , Kitaysky et al. 2007 , Goutte et al. 2010 , Romero & Wikelski 2010 . If an animal's ability to forage is impinged by an external device, the animal may become chronically stressed, and an increase in circulating, baseline corticosterone levels may be detectable (Suedkamp Wells et al. 2003 , Tremblay et al. 2003 , Takahashi et al. 2008 , Pereira et al. 2009 ).
Attaching any type of logger to seabirds can affect their behaviour (Barron et al. 2010 , Elliott et al. 2010b ; reviewed by Phillips et al. 2003) ; geolocators, for example, increase drag when attached via a harness (Bowlin et al. 2010) . Although geolocators weigh very little, auks are particularly susceptible to the effects of attachment because of their high flight costs (Hatch et al. 2000 , Elliott et al. 2010b , Vandenabeele et al. 2012 . The effects of long-term attachment of relatively large geolocators (compared to the bird's body size) have been assessed through calculations based on drag on frozen birds in a wind tunnel (Bowlin et al. 2010 ) and measurements of reduction in chick-provisioning rates (Adams et al. 2009 , Carey et al. 2009 ). To determine whether small geo locators measurably affect birds, we obtained blood samples from common murres Uria aalge and thick-billed murres U. lomvia that had carried a geolocator weighing < 5 g for 1 yr. Blood samples were then assayed for corticosterone levels within 3 min of capture, as a measure of chronic nutritional stress (Kitaysky et al. 2007 , Doody et al. 2008 .
MATERIALS AND METHODS

Field methods
Three types of geolocator (British Antarctic Survey) were deployed on breeding murres: the Mk 5 and 7, weighing 3.6 g in air, and the Mk 13, weighing 1.8 g (~0.3 to 0.5% of adult mass including ~1 g of glue, cable tie and Darvic band). Each logger was attached to a Darvic band fastened around the tarsus (details in Gaston et al. 2011 (Fig. 1) . Control birds were captured at the same time as geolocators were retrieved from equip ped birds at each site, and individuals from the 2 treatment groups were matched in terms of status (incubating or brooding) and cliff ledge where we captured them. Control and geolocator birds being equi valent was an im portant assumption within our study, as it is possible that we selected 'easier to catch' control birds that had better body condition. Nonetheless, at the Coats Island colony we recorded time-to-capture, and there was no difference between equipped and control birds (28 ± 17 vs. 24 ± 10 s; t 28 = 0.61, p = 0.51).
Birds were weighed with a Pesola scale, and except at Prince Leopold and Digges (due to logistic constraints at those field stites), were bled onto Whatman blood spot cards from the brachial vein within 3 min of recapture. The blood spot cards were airdried overnight, placed in individual plastic bags and kept at air temperature (0 to 20°C in the Canadian Arctic) or re frigerated (4°C) until assayed for corticosterone. The blood spot procedure has been successfully used for hormonal analysis in many studies (Worthman & Stallings 1994 , Shirtcliff et al. 2001 , Fleming et al. 2002 , Sanvito et al. 2004 , Delahunty et al. 2007 ) and has been validated against serum for common murres (Doody et al. 2008) . The greatest advantage of using blood spots instead of serum is that samples do not need to be frozen after sampling, thus providing a convenient way to store and transport samples during extended periods of field work where freezer access is limited. We also used the blood spot cards to determine the sex of the bird using PCR with sex-specific primers (Elliott et al. 2010a ). In 2010, we recorded the chick-provisioning rate of 8 birds equipped with geolocators and their partners at Coats Island (see Elliott et al. 2008 for methods). At Coats Island, where there is an intensively monitored colour-banded population, we also recorded survival of birds equipped in 2007 during the breeding season of 2008. Specifically, we examined both partners at all breeding sites surrounding those sites where geo locators were attached and spent dozens of hours at each of the sites trying to find potential non-breeding, equipped birds. We compared those data to survival data from colourbanded, unequipped birds at the same study site over the same winter. Because of our high resighting probabilities (~100%), we assumed that return rates were indicative of survival.
Corticosterone radioimmunoassay
Three holes (diameter: 3 mm) were punched from the filter card blood samples into a 4 ml test tube containing 200 µl of radio immunoassay (RIA) buffer (0.1 M phosphate buffer, 0.9% NaCl [w/v], and 0.5% bovine serum albumin [w/v] ). Each sample was vortexed to ensure complete dissolution and was kept refrigerated for 24 h to allow dissolution into the buffer. A standard curve was created by adding known concentrations (0.025 to 50 ng ml −1 ) of corticosterone standard (Steraloids) mixed in RIA buffer onto the filter cards. The cards were then dried at 4°C for 1 mo, and standards were punched out into 4 ml tubes containing 200 µl of RIA buffer. We also diluted a series of plasma samples, dried them on the filter cards, and assayed the dried samples to examine parallelism of the standard curve. We included plasma samples from 10 murres with known corticosterone levels, as as sayed on ethanol-extracted plasma using the same methodology. To each of the test tubes, we then added 100 µl of tritiated (5000 disintegrations per minute) corticosterone (GE Healthcare, 78.1 MBq mol −1 , Code TRK406) and 100 µl of sheep serum anticorticosterone (di luted 1:50000; Antibodies-online, Code ABIN343319). After 1 h incubation at room temperature, samples were incubated at 4°C for a minimum of 18 h. The reaction was stopped through the addition of 100 µl of dextran (0.5% w/v)-coated charcoal (5% w/v) to each assay tube. After 15 min on ice, assay tubes were centrifuged for 30 min at 4°C (2500 × g), and the supernatant was decanted into 7 ml scintillation vials. Finally, 4 ml of scintillation fluid (Ultima Gold, Perkin Elmer) was added to each assay tube, and tubes were counted on a liquid scintillation counter (LS6500, Beckman Coulter) for 5 min. All samples were counted in duplicate, and corticosterone concen tration of each sample was interpolated from the standard curve that was counted in triplicate. Inter-assay and intra-assay coefficients of variation for corticosterone were 7.4 and 12.2%, respectively, samples dem onstrated good parallelism (AN COVA, F 3, 20 = 1.98, p = 0.15), and values from blood spot cards were highly correlated with values from plasma (t 9 = 8.89, R 2 = 0.92, p < 0.0001). The minimum detection level was 0.05 ng ml −1 .
Statistical analysis
We log-transformed average corticosterone values for each individual murre to achieve normality, whereas we did not transform body mass as it was already normally distributed (Shapiro-Wilk test). We used body mass rather than scaled mass index or size-adjusted mass, because scaled mass index does not predict energy stores ('body condition') in seabirds, including murres, and size-adjusted mass does not substantially improve predictability in murres (Jacobs et al. 2012) . For each parameter (mass and corticosterone), we constructed a general linear model with Sex, Colony and Treatment as covariates. We also used t-tests to examine the significance at each colony. We used a significance level of α = 0.05.
RESULTS AND DISCUSSION
In birds equipped with geolocators, corticosterone levels were twice as high as in controls, and body weight was lower at 4 of 6 colonies. Specifically, Colo ny (F 3, 75 = 6.58, p = 0.0006) and Treatment (F 1, 75 = 19.0, p < 0.0001), but not Sex (F 1, 75 = 1.41, p = 0.24) or any interaction (all p > 0.1) significantly accounted for the variation in corticosterone levels. In contrast, Sex (F 1,116 = 8.51, p = 0.0002), Colony (F 5,116 = 25.9, p < 0.0001) and Treatment (F 1,116 = 3.99, p = 0.048), but none of the interactions (all p > 0.2) sig nificantly accounted for the variation in body mass. At 3 of the 4 colonies (all but Gull), the difference in corticosterone levels was statistically significant (Table 1) . Corticosterone levels tended to decline with increasing body mass at all colonies, but the trend was never statistically significant (regression, p > 0.05). We ob served no clear signs of skin abrasion or direct physical damage at the site of attachment of the geolocators.
Corticosterone levels at 3 of our 4 colonies were about 50% lower than those found in other studies (Tremblay et al. 2003 , Takahashi et al. 2008 Tables 1 & 2) , but our values are not directly comparable to other methods as some of the corticosterone may not be bound by the filter paper. Murres at the fourth colony, Gull Island, had 3 to 4 times higher corticosterone levels than at the other 3 colonies. Our Gull Island samples were obtained early in the season, before the arrival of spawning capelin Mallotus villosus (Doody et al. 2008) , potentially causing additional nutritional stress for the murres at this colony. The inter-colony variability in air temperature (and its possible linkage to corticosterone degradation) and environmental variation is one reason why we in cluded colony as a factor in our statistical models.
In contrast to our study, 3 previous studies examining device effects on wild birds did not show any statistical difference between corticosterone levels of equipped and control birds, although 2 of the studies (both on murres) over short time-scales (< 4 d) indicated a trend of higher levels of corticosterone in the Not explicitly given in paper; data assumed based on the 13 mo option on the manufacturer's website Table 2 . Mean (± SD) corticosterone levels from whole blood samples (ng ml ) of wild birds that had been equipped with a location device or unequipped (control). Note that different instrumentation was used in these studies than in the present study. For experiments with multiple sampling, we only collated data for the last date recorded. p-value are from t-tests equipped birds (Tables 1 & 2) . Other studies examining at-sea behaviour, return rates, body mass or chick provisioning rates over short time-scales suggested that leg-mounted devices, such as those used in this study, minimally affected dive behaviour (Elliott et al. 2007 , Carey 2011 . Perhaps the small effect of leg-mounted devices becomes measurable when compounded over an entire year. Previous studies have suggested a stronger effect of short-term compared to long-term attachment due to handling stress or device accommodation (Suedkamp Wells et al. 2003 , Fallow et al. 2009 ); however, short-term deployments had no effect on corticosterone levels (Table 2) , while our year-long deployments showed statistically significant effects (Table 1) . We suggest that corticosterone is a better measure of device effect following longterm attachment applications. Long-term reductions in foraging success, as a result of the device attachment, may result in measurable and cumulative chronic stress. Short-term variation in corticosterone may be more closely associated with time-sincefeeding, masking any variation associated with device attachment. At Coats Island, 17 of 20 equipped birds were resighted, all of which were breeding (observed with chicks or eggs), in the summer of 2008, and 1 other bird was resighted, also breeding, in 2009 (Gaston et al. 2011) . This proportion (18 of 20) is identical to the survival rate (90%) of non-equipped birds at Coats Island (K. H. Elliott & A. J. Gaston unpubl. data) . Similarly, the chick-provisioning rate of equipped birds (mean ± SD: 3.62 ± 2.34 feeds d , within-pair paired t 7 = 0.72, p = 0.66) at Coats Island. We have no similar data from other colonies (visits were short and recapture rates were likely unrepresentative of survival), but our results for Coats Island suggest that adults may have compensated for any decrease in foraging abilities to maintain chick growth rates. It is also possible that breeding partners compensated for potentially reduced parental investment of the tagged adult (Paredes et al. 2005) . Overall it seems that device effects were surmountable and not so pronounced as to affect adult survival; however, corticosterone levels, which directly reflect nutritional stress (Kitaysky et al. 2007 , Doody et al. 2008 , are perhaps more sensitive measures than return rates, chick provisioning rates or body mass.
Elevated levels of corticosterone can increase mortality (Brown et al. 2005 , Kitaysky et al. 2007 , Goutte et al. 2010 , Romero & Wikelski 2010 or decrease mortality (Cote et al. 2006 , Cabezas et al. 2007 , indicating the existence of an optimal level of corticosterone for individual survival (Brown et al. 2005) . We found an increase in corticosterone with no effect on murre survival at 1 colony (Coats Island), suggesting that the increased levels of corticosterone were not high enough to substantially reduce survival. In contrast, larger devices that presumably have a more pronounced effect on corticosterone levels affect resighting rates (Paredes et al. 2005) . While the geolocators in our study were perhaps not large enough to cause a substantial decrease in survival, they did result in a 2-to 3-fold increase in corti costerone levels. An increase of that magnitude is known to reduce nest attendance in seabirds, and presumably increase self-feeding rates (Kitaysky et al. 2001) .
Our results are supported by previous research on small birds. For example, return rates of small passerines were low after carrying geolocators (weighing 2.7 to 3.5% of body mass) year-round (Montevecchi et al. 2009 , Stutchbury et al. 2009 ). Adams et al. (2009) tagged both members of sooty shearwater Puffinus griseus breeding pairs with geolocators weighing 1.4% of body mass and found that none of the offspring fledged at a mass necessary for postfledging survival, compared with 54% for pairs with only 1 member equipped and 83% for control pairs (Adams et al. 2009 ). Adult body mass of equipped birds was no different between capture and recapture 1 yr later in a separate study of sooty shearwaters (Hedd et al. 2012) . Geolocators weighing 0.7 to 1% of body mass attached to short-tailed shearwaters Ardenna tenuirostris for 1 yr had no statistically significant effect on adult body mass, and return rate was 74% for equipped birds compared with 82.5% for control birds (Carey et al. 2009) . A more detailed study on short-tailed shearwaters found no effect of geolocators weighing 0.7 to 1% of body mass on adult body mass, chick body mass, hatching success or adult return rate either in the short term (1 to 10 wk after device attachment) or the long term (1 yr after device attachment) (Carey 2011) . There was no relationship between device mass and return rate across 8 species of petrels equipped with geolocators < 2% of body mass, al though return rates were < 50% for 3 species (Carey et al. 2009 ).
Modelling suggests that birds with high wing loadings, such as murres, are more affected by devices than birds with low wing loadings, such as shearwaters (Vandenabeele et al. 2012) , which may explain why our results were more pronounced than in studies such as that by Carey (2011) . Flight ability coupled with migration distance may also explain some of the variation among colonies; all individuals from the same colony wintered largely in the same region, and birds at Coats migrated much farther (to the north Atlantic Gaston et al. 2011 ) than birds from the Gannet, Funk and Gull colonies (to offshore Newfoundland; Hedd et al. 2011 ). Overall, it seems that device effects were surmountable and not so pronounced as to affect adult survival or reproductive succes; however, corticosterone levels, which directly reflect nutritional stress (Kitaysky et al. 2007 , Doody et al. 2008 , are perhaps more sensitive measures than return rates, chick provisioning rates or body mass. In particular, although treatment had an overall significant effect on body mass, the effect size was much smaller than for corticosterone, and the effect was not significant at any one colony independently. 
